ABSTRACT (Continue on reverse if necessary and identify by block number)
The rate of evaporation of 1,3,5-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT) into air under ambient conditions was determined.
This was accomplished by making cast pipes of TNT and 2,4-DNT. Nitrogen was passed through a pipe and then through a cold trap. The trap contained 0.5 mL of methanol and was chilled in an ice bath. The nitrogen flow rate (mL/min) through the pipe and trap was measured and after a specified amount of time the trap was disconnected and the methanol was removed. The concentration of TNT or 2,4-DNT in the methanol was determined by high performance liquid chromatography (HPLC) analysis.
From the mass of TNT or 2,4-DNT found, mean flow rate of nitrogen through the apparatus, and the length_?f tiijTe for a run, the rate of evaporation as grams per minute per square centimeter (g min cm" ) was calculated. This data was used to validate Griffy's theoretical model for determining the evaporation rate of TNT. 
INTRODUCTION AND OBJECTIVES
According to our literature search the rate of evaporation of 2,4,6-trinitrotoluene (TNT) or 2,4-dinitrotoluene (DNT) has never been measured.
Although the scientific literature does present measurements of the equilibrium vapor pressure of TNT 1 ' 2 . 3 these data have little use for describing the levels of TNT in air in actual scenarios.
In the real world, the TNT source (cm 2 ) is small and the reservoir into which it is released (cm 3 ) is large and is perturbed by ventilation. For these reasons, equilibrium vapor pressure has no application.
If the rate of evaporation into air were known (g min-' cm" 2 ) the actual concentration of TNT in air could be estimated.
This problem was addressed by Griffy 4 in modeling the TNT vapor for bomb detection.
His description required the evaporation rate to estimate TNT concentration in air in a closed space.
Besides filling a gap in the literature that was long ignored, the empirical measurement of evaporation rate (g min` cM" 2 ) will be of use in estimating exposure levels to workers in the manufacture of TNT and DNT and contribute to validation of the model described by Griffy 4 for detection of vapors from concealed expolsives.
It was our objective to empirically measure the rate of evaporation of TNT and ONT into air under ambient conditions of air flow and temperature.
METHODS AND MATERIALS

CHEMICALS
Crude TNT was obtained from Volunteer Army Ammunition Plant, Tyner, Tennessee and purified by recrystallization from methanol, then hexane. The 2,4-DNT for this study was purchased from Aldrich Chemical Company, Inc. (Milwaukee, WI) and was purified by recrystallization from hexane. All solvents used for recrystallization and HPLC analysis were from Burdick and Jackson Laboratories (Division of Baxter Healthcare Corp., Columbia, MD).
HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC (HPLC) ANALYSIS
The HPLC method employed was a simplification of a procedure published by Brueggemann 5 . The method was simplified by using an isocratic mobile phase because the samples contained few if any background interferences.
The isocratic mobile phase provided adequate resolution of all the compounds of interest.
A liquid chromatographic system (Waters Chromatography Division, Millipore, Milford, MA) was used throughout the study. The system consisted of the following components: a model 6000A solvent delivery system, a model 721 programmable system controller, a model 730 data module, and a model 710B WISP autosampler.
The UV detector was a spectroflow 783 programmable absorbance detector (Kratos Analytical Instruments, Ramsey, NJ).
I
Separation of the explosives was achieved with a ZorbaxTM ODS column (25cm x 4.6mm i.d., DuPont Instruments Co., Wilmington, DE).
An isocratic mobile phase (60 percent methanol/water) was employed at a flow rate of 1.0 mL/min.
The column effluent was monitored at 254 nm, 0.002 absorbance units full scale. The injection volume was 25 microliters.
METHOD FOR MEASUREMENT OF RATE OF EVAPORATION
The experimental method to measure the rate of evaporation consists of passing air at constant velocity across a measured surface of explosive at constant temperature. The explosive from the air is trapped in a solvent trap and its mass is measured.
The surface consisted of the inner wall of a pipe of cast explosive that is shown in Figure 1 . The hollow cylinder of explosive is made by pouring molten TNT or 2 4-DNT into the annulus formed by a glass tube and a smaller, straight TeflonTM (PTFE) tube inserted along the center of the glass tube. The explosives were individually melted in a steam bath and individually poured into separate molds.
When the explosives had cooled and solidified, the TeflonTM tube was gently withdrawn to create a hole of known diameter inside of a cylinder of solid 2,4-DNT or TNT.
The case material is supported by the outer glass tube.
Into each end of this pipe is inserted a short piece of the same PTFE tubing that was used to create the hole in the cylinder. These tubes form a tight connection and allow nitrogen to pass from a source of compressed nitrogen, through the pipe and then through a cold trap. To maintain a snug fit of the inlet and outlet tubes, each tube is inserted I cm into the pipe and this point of connection wrapped tightly with ParaFilmTM in order to prevent any leakage.
As nitrogen moves between the inlet and outlet, it encounters a smooth surface of 2,4-DNT or TNT of known area.
The effluent from the cast pipe passes through a glass trap fabricated from a 3-mL pipette shown in Figure 2 . The trap contained 0.5 mL of methanol and was chilled in an ice bath. Preliminary experiments showed that a dry cold trap was not as effective as a cold trap containing methanol.
To ensure that all of the effluent vapor was trapped, some experiments were carried out with two traps connected in series.
From these experiments it was determined that a single trap was sufficient for collecting the vapors at most flow rates.
The flow rate (mL/min) of nitrogen through the cast pipe and into the trap was monitored periodically during each run by a GilibratorTM model electronic bubble flowmeter (Gilian Instrument Corp., West Caldwell, NJ) connected to the outlet of the trap. After a measured time, the trap was disconnected and the methanol in the trap removed.
The trap was rinsed twice with more methanol and the solution and rinses combined in a single vial. The amount of methanol was determined gravimetrically in order to obtain a better estimate of the sample volume.
The concentration of TNT or 2,4-DNT in the methanol was determined by HPLC analysis.
From the mass of TNT or 2,4-ONT found, mean flow rate of nitrogen through the apparatus and the length of time for a run, the rate of evaporation as grams per minute per square centimeter (g min-' cm 2 ) could be calculated. This held 0.5 mL of methanol and was chilled in an ice bath. The effluent from the evaporatin source entered through the blunt end via a 2-cm piece of PTFETM tubing and bubbled through the cold methanol while depositing the TNT or'2,4-DNT. The tip of the pipette-trap was connected via a TygonTM tube to a GilibratorTM model flow meter to determine the flow rate of nitrogen through the source. Table 1 presents the actual data collected from a pipe of cast TNT from three different days. The surface area of the %NT in this case was 3.58 cm 2 . Table 2 presents data from a cast pipe of 2,4-DNT. The surface area of 2,4-DNT was 3.41 cm 2 . Figures 3 and 4 present the rate of evaporation of TNT and 2,4-DNT, respectively, as a function of velocity of nitrogen across the surface of the material. As would be expected, the rate of evaporation increases as the velocity of nitrogen increases until a point is reached at which the increase in the rate of evaporation levels off. This can be seen in Figure 4 for 2,4-DNT. The point of leveling off represents the maximum achievable evaporation rate. In the real world situation, where there would be little air movement across the surface of a concealed or stored explosive this maximum rate would only be obtained under extraordinary conditions, such as high winds due to extreme weather (i.e., hurricane, tornado). The more realistic rate of evaporation would be represented by the portion of the curve at the slower velocities.
The empirical data shown in Figure 3 for TNT was used by Griffy 6 to validate his theoretical model, which in part estimates the rate of evaporation of TNT as a function of air velocity. Shown in Figure 5 is Griffy's theoretical curve which was derived from his model superimposed upon the empirical data from Figure 3 . As can be seen the empirical data adheres closely to Griffy's theoretical model. Reynolds numbers were calculated for both TNT and 2,4-DNT data sets and displayed in Tables 1 and 2 . Reynolds numbers were calculated to determine if the flow through the cast pipes of TNT and 2,4-DNT was laminar or turbulent in nature. The calculated Reynolds numbers show that the flow through the cast pipes in both cases was well within the laminar flow region. We did not attempt to approach turbulent flow due to the limitations of our fabricated effluent trap. The high flow rates required to reach turbulent flow would have blown the methanol from our cold trap and Lhus reduced its trapping efficiency.
If the flow were turbulent, it would have resulted in erratic and elevated evaporation rates. The data showed that at higher velocities the increases in evaporation rate was due to true evaporation and not to erosion from laminar flow across the surface of the cast pipes. The evaporation rates for 2,4-DNT and TNT were plotted versus their calculated Reynolds numbers (Tables 3 and 4 ) and are shown in Figures 6 and 7 . These plots are verý similar to the plots of evaporation rates versus velocity of nitrogen across the cast pipe surface. This is as expected because Reynolds number are directly related to the velocity of the gas across the surface.
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1.OOe-9 - 14 CONCLUSION For the first time, the rate of TNT and 2,4-DNT evaporation into air (g min` cm" 2 ) under ambient conditions has been measured. This measurement allows for the validation of the Griffy model for estimating TNT in air for detection of explosives.
